The formation of body segments (somites) in vertebrate embryos is accompanied by molecular oscillations (segmentation clock). Interaction of this oscillator with a wave traveling along the body axis (the clock-and-wavefront model) is generally believed to control somite number, size, and axial identity. Here we show that a clock-and-wavefront mechanism is unnecessary for somite formation. Non-somite mesoderm treated with Noggin generates many somites that form simultaneously, without cyclic expression of Notch-pathway genes, yet have normal size, shape, and fate. These somites have axial identity: The Hox code is fixed independently of somite fate. However, these somites are not subdivided into rostral and caudal halves, which is necessary for neural segmentation. We propose that somites are self-organizing structures whose size and shape is controlled by local cell-cell interactions.
T he mesoderm of the embryo, from which the cardiovascular and musculoskeletal systems arise, derives from the primitive streak (PS) during gastrulation. A high level of bone morphogenetic protein (BMP) at the posterior PS generates ventral mesoderm (blood vessels, lateral and extraembryonic mesoderm), whereas lower levels near the anterior tip generate paraxial mesoderm, from which somites (future striated muscle and axial skeleton) develop (1) . Somites are epithelial spheres that form sequentially from head to tail on either side of the spinal cord. The combination of a molecular clock (cell-autonomous Notch and Wnt oscillations) and a wave traveling the length of the paraxial mesoderm (2, 3) is thought to regulate the number, size, timing of formation, and Schematic representation of the transplantation experiment designed to test the contribution of SLCs to regenerated muscle. EGFPmarked SLCs were taken from the limbs of transgenic donors carrying the PhMS-EGFP construct (12) and transplanted into freshly amputated limbs of nontransgenic recipients. In control experiments, non-EGFP-expressing cells were transplanted using the same donor and recipient lines. (B) SLC-derived muscle fibers were detected by EGFP fluorescence (arrowhead, green) in recipient limbs also stained with phalloidin (red) and DAPI (blue). ex, autofluorescence of the chitinous exoskeleton. Scale bar, 50 mm. When an ectopic somite is grafted instead of a somite in an older embryo (L), the graft incorporates well (M). After 2 to 3 days, the grafted somite appropriately expresses MyoD (N to P). .45, and 7.5 hours after grafting to a host embryo) and stained for expression of Hairy1 (A to D), Hairy2 (E to H), and LFng (I to L). The in situ embryos were developed to reveal the segmentation clock in the presomitic cells of the host. Although patterns of expression in the presomitic mesoderm of the host are dynamic, no major differences in expression are seen in the graft (insets). Arrows mark the graft region, which is shown magnified in the insets.
axial identity (4-6) of somites. Because the BMP antagonist Noggin is sufficient to transform ventral cells to a dorsal (somite) fate (7, 8) , we applied Noggin as evenly as possible (9) to dorsalize posterior PS explants from quail or green fluorescent protein (GFP)-transgenic chick embryos and thus to test whether somites could be generated independently of a segmentation clock (10, 11) . Explants from stage-5 (12) embryos were incubated in Noggin for 3 hours, then grafted into a remote (extraembryonic) region of a host chick embryo surrounded by Noggin-soaked beads (Fig. 1, A and B) . A few hours later (total 9 to 12 hours), 6 to 14 somite-like structures had formed, arranged as a "bunch of grapes" (Fig. 1, C to E) rather than in linear sequence. Like normal somites, these structures express paraxis (8) (Fig. 1 , F and G) and consist of epithelial cells around a lumen (Fig. 1 , G to J), with apical N-cadherin and a Fibronectin-positive basal lamina (Fig. 1 , H to J). The size of each somite-like structure is normal: Fig. 1K compares ectopic and normal somite volumes calculated from living embryos and multiphoton cross-sectional areas with and without the lumen (t tests P = 0.496, 0.401, and 0.493, respectively).
To test whether the ectopic somites can give rise to normal somite derivatives, we replaced individual recently formed somites in 10 to 14 somite secondary hosts with ectopic GFP-transgenic somites (Fig. 1L) . After 2 to 3 days (stages 19 to 25), the grafted somite was well integrated (Fig. 1M ) and expressed the sclerotome/vertebral marker Pax1 (fig. S1) (n = 6 experiments) and the dermomyotome/muscle marker MyoD (Fig. 1 , N to P) (n = 4) in the correct positions. Some blood vessels were also generated ( fig. S1 ), which may be normal somite derivatives (13, 14) or cells retaining their original lateral fate. Thus, the structures in the "bunch of grapes" are indeed somites.
To test whether somites form sequentially or simultaneously, we used time-lapse microscopy to film ectopic GFP-transgenic somite formation. About 6 to 14 somites form in just 2 hours (9 to 11 hours after grafting) (fig. S2 and movies S1 and S2). The finding that so many somites can form almost synchronously suggests that the ectopic somites form independently of a clock. To assess the molecular clock, we examined embryos at different time points before ectopic somite formation for expression of clock genes Hairy1 (Fig. 2 , A to D), Hairy2 (Fig. 2 , E to H), and LFng (Fig. 2, I to L) at 45-min intervals between 3 and 7.5 hours after exposure of PS explants to Noggin. Although host embryos displayed typical (10) strong variations in the pattern of expression, the explants showed only subtle variations, not like a prepattern of the somites that would later form. Moreover, when examining many embryos for each marker at a particular time point ( fig. S3 ), oscillatory expression was evident in the host embryo, but the explants (insets) show comparatively uniform expression. Examination of Dapper1 and -2 expression suggests that Noggin-treated mesoderm can generate somites without passing through a presomiticlike state ( fig. S4 ). These results strongly suggest that the ectopic somites form simultaneously and without cyclic expression of clock genes.
Each somite is normally subdivided into two halves, rostral and caudal, a property subsequently required for segmentation of the peripheral nervous system (15) . To test whether the ectopic somites are subdivided, we examined expression of caudal (Hairy1, Hairy2, LFng, Uncx4.1, and Meso2) and rostral (EphA4) markers. None of them revealed subdivision of the ectopic somites. Hairy1 [0 of 22 embryos (0/22)], Meso2 (0/22), and EphA4 (0/19) were not expressed (Fig. 3 , A to C); LFng (22/24) (Fig. 3D ) and Hairy2 (8/8) (Fig. 3E) were expressed weakly and uniformly throughout the somites; and Uncx4.1 (13/19) (Fig. 3F) was patchy (Fig. 3F) . Therefore, ectopic somites seem to lack coherent rostrocaudal identity, because the patterns of different genes are inconsistent with each other. As neural crest cells and motor axons normally only migrate through the rostral half of the sclerotome (15), we used this as an additional test of somite patterning. An ectopic GFP-somite was grafted instead of a normal somite in a secondary host (Fig. 1L) . At stage 22 to 25, the patterns of motor axon growth (Fig. 3 , G to I) and neural crest migration (Fig. 3 , J to O) were disrupted. Abnormalities included an enlarged gap between motor roots (Fig. 3 , G to I), fusion of adjacent ventral roots and dorsal root ganglia (Fig. 3 , J to L), or several small ganglia formed within a grafted somite (Fig. 3 , M to O), as if the somite contained random islands of permissive (non-caudal) cells exploited by axons and crest cells. These results suggest that the ectopic somites are not subdivided into rostral and caudal halves, consistent with the proposal (16) that the clock is required for this feature of segmentation.
During normal development, the occipital somites (the most cranial four or five somites) form almost simultaneously rather than in sequence (movie S3) and lack expression of some rostral and/or caudal markers (17) (18) (19) . Could the ectopic somites be occipital? We examined expression of Hox genes (20, 21) (Fig. 4 , A to P): Hoxb3 (Fig. 4 , A and C) and Hoxb4 (Fig. 4 , E and G) were both expressed (Fig. 4, B, D, F , and H), suggesting that they are not occipital. Hoxb6 and Hoxb9 were not expressed (Fig. 4 , F and J), suggesting that they are cervical (somite eight or nine). The posterior PS of stage-5 donor embryos expresses similar genes: Hoxb3 and b4, but not b6 or b9 (Fig. 4, A, E, I , and M); the latter start to be expressed later (stage 7 or 8) (Fig. 4 , C, G, K, and O). We therefore tested whether somites made from PSs from older embryos (stage 8) express these markers. Indeed, they do (Fig. 4, L and P) . This confirms that the Hox code imparting axial identity to cells is already present in the PS (22) , independently of the segmentation clock (6) , and suggests that the axial identity of the ectopic somites is specified according to which Hox genes are expressed in the posterior PS at the time of explantation, even though this region does not normally contribute to somites. Therefore, either exit of cells from the PS or, more likely, inhibition of BMP by Noggin arrests the molecular clock controlling expression of Hox genes that impart axial identity (23) . In vivo, this may happen as presomitic cells leave the BMP-expressing PS and lie next to the notochord, the endogenous source of Noggin.
The clock-and-wavefront model requires both an oscillator and a wave. In zebrafish, changing the period of molecular oscillations affects somite number and size (5, 6) . We show that somites can form without oscillations of segmentation clock genes; all of their properties are normal, except for their rostrocaudal subdivision. Moreover, waves and gradients are also unnecessary, because the spatial organization and simultaneous formation of the ectopic somites does not seem compatible with this. We therefore propose that the main function of the clock is to subdivide somites into rostral and caudal halves and to couple this to somite formation.
If clock-and-wavefront mechanisms are not required to control somite formation, what does? Our observations implicate local cell-cell interactions. Embryological experiments (24) suggest that somites are self-organizing structures, regulated by intrinsic properties of the cells and packing constraints for cells undergoing mesenchymal-to-epithelial conversion as they form spheres. We tested this in computer simulations using CompuCell-3D (25, 26) , with the following assumptions: (i) A cell mass is exposed to Noggin evenly and simultaneously; (ii) in response, cells polarize and elongate; (iii) polarized cells secrete extracellular matrix; (iv) polarized cells have to be exposed to extracellular space at both their apical and basal surfaces; (v) tight junctions form at the apical ends; and (vi) misplaced cells rearrange their polarity and attach to their appropriate ends (27) . This causes cells to become arranged in spherical masses around a lumen (movie S4) (9) . After a transition period of intense cell rearrangement, the somites stabilize. The number of cells they contain is relatively invariant, and their structure is similar to that seen in vivo. There is no tendency to merge into a giant structure, nor do very small stable somites form. We propose that somite size and shape can be controlled entirely by local cell interactions, such as adhesion and packing constraints of cells transitioning between the mesenchyme and a polarized epithelium (28) . Inhibition of BMP by Noggin may be a trigger for this conversion, consistent with the abnormal somite formation in Noggin-null mice (29) , and may also "freeze" molecular determinants of axial identity (Hox code). In normal embryos, the segmentation clock and associated wave are likely to play a role in regulating the timing of somite formation and coupling this to the subdivision of each somite into rostral and caudal subcompartments. When polypeptide chains fold into a protein, hydrophobic groups are compacted in the center with exclusion of water. We report the crystal structure of an alanine-rich antifreeze protein that retains~400 waters in its core. The putative ice-binding residues of this dimeric, four-helix bundle protein point inwards and coordinate the interior waters into two intersecting polypentagonal networks. The bundle makes minimal protein contacts between helices, but is stabilized by anchoring to the semi-clathrate water monolayers through backbone carbonyl groups in the protein interior. The ordered waters extend outwards to the protein surface and likely are involved in ice binding. This protein fold supports both the anchored-clathrate water mechanism of antifreeze protein adsorption to ice and the water-expulsion mechanism of protein folding.
A driving force for protein folding is formation of a hydrophobic core (1, 2). As aliphatic and aromatic side chains pack together in the protein core, they release constrained waters into the surrounding solvent with an overall gain in entropy that helps power the folding process. Therefore, almost all globular proteins reported to date have a dry protein core. There are two main schools of thought for how a protein's hydrophobic core is formed. In the dewetting mechanism, waters collectively evaporate from the partially formed core. This is followed by the spontaneous collapse of the core, which stabilizes the protein by reducing the solvent-accessible surface area of core residues (3). In the expulsion mechanism, an initial structural collapse forms a near-native intermediate with a partially solvated hydrophobic core. This is followed by water expulsion from the hydrophobic core to form the native state (4) . In this model, waters are thought to function as a lubricant that helps the hydrophobic core find its optimally packed state (4). Here we report the crystal structure of an antifreeze protein (AFP) with a water-rich core that offers an alternative view on the role of water in protein folding.
Antifreeze proteins are a class of proteins that adsorb to the surface of ice crystals to prevent their growth. We determined the crystal structure of the AFP Maxi, a large isoform of the 3-kD, alanine-rich type I AFP from winter flounder (Pseudopleuronectes americanus). Type I AFP is a monomeric a helix with an 11-residue periodicity (5) that binds to a pyramidal ice plane (6) . Its ice-binding residues (Thr, i+4 Ala, i+8 Ala) are arrayed along one face of the helix (7). Icebinding residues are thought to organize and stabilize ordered waters to merge with, and freeze to, the quasi-liquid layer of water next to the ice lattice (8) (9) (10) . Maxi is five times as long as type I and forms a homodimer with no stable monomer form, but is otherwise similar in alanine richness (65%), helicity (>95% a helix), and 11-residue periodicity (11) (12) (13) .
The crystal structure of Maxi was determined at 1.8 Å resolution from needle-shaped crystals (table S1) grown in arginine buffer at pH 9.6. Maxi is a rodlike four-helix bundle with a length of 145 Å and an average diameter of 22 Å (Fig. 1A) . Both 290 Å-long helix monomers fold exactly in the middle through 180°so that their N and C termini are side by side. In the dimer, the two hairpins are aligned in an antiparallel manner without overlap such that the four-helix bundle has a twofold rotational axis of symmetry (indicated by the central curved arrow). The two N-terminal helices lie adjacent to each other in an antiparallel orientation, as do the two C-terminal helices. At the secondary-structure level, Maxi is composed of tandem 11-residue repeats (T/IxxxAxxxAxx, where x is any residue) that each form three helical turns with an average of 3.7 residues per turn (R1-3 and R1′-3′), as opposed to 3.6 residues per turn in the classic a helix. The only departures from this pattern are the central sections of two seven-residue segments (two helical turns each) and the terminal capping regions. The capping regions comprise the N and C termini of one monomer and the hairpin loop region of the other (Fig 1B) . Notably, the two chains of Maxi associate with minimal protein-protein interactions, as do the two arms of the hairpins (Fig. 1C) . This is in sharp contrast to a standard four-helix bundle protein like "Repressor of primer" (Rop), where the longer aliphatic and aromatic side chains form a compact hydrophobic core with only two waters inside (Fig. 1D) . Rop was selected for comparison because, like Maxi, it is also a dimer of hairpin a helices with a nonoverlapping antiparallel alignment (14) .
Direct contact between the Maxi monomers is largely limited to the capping structures and the center region. In the capping structures, Leu 94 and Tyr 103 near the hairpin loop of one monomer, together with Ile 2 at the N terminus and Phe 191 at the C terminus of the other monomer, pack together to form a local hydrophobic core with stacking of the two aromatic side chains (Fig.  1B) 148 from both C-terminal helical arms. However, the intervening helical repeats pack loosely through sparse van der Waals interactions, as shown by a representative cross section through one repeat (Fig. 1C) .
The apparent loose packing of the four helices in the 11-residue repeat regions generates internal space that is just wide enough to accommodate a single layer of water (Fig. 1C and Fig. 2,  A and B) . The water molecules that occupy the gap form an extensive polypentagonal network around the inner-projecting residues (mostly Ala
